Nature has evolved, through billions of years of evolution, ingenious designs for a large number of functions. Among them, the armadillo and boxfish have a carapace consisting of hexagonal segments connected by collagen fibres. This ensures protection as well as flexibility. In a similar manner, the design of modern armour seeks to emulate the performance provided by natural flexible dermal armour. Here we report on Finite element modelling (FEM) used to analyse the effect of scale geometry and other impact parameters on the ballistic protection provided by a segmented ceramic armour. For this purpose, the impact of cylindrical fragment simulating projectiles (FSPs) onto aluminaepoxy scaled plates was simulated. Scale geometrical parameters (size, thickness and shape) and impact conditions (FSP diameter, speed, location) are varied and the amount of damage produced in the ceramic tiles and the final residual velocity of the FSP after the impact are evaluated. It is found that segmentation drastically reduces the size of the damaged area without significantly reducing the ballistic protection in centred impact, provided the tile size is kept over a critical value. Such critical tile size (~20 mm for impacts at 650 m/s) is independent of the scale thickness, but decreases with projectile speed, although never below the diameter of the projectile. Off-centred impacts reduce the ballistic protection and increase the damaged area, but this can be minimized with an appropriate tile shape. In this sense and in agreement with the natural hexagonal tiles of the boxfish and armadillo, hexagonal scales are found to be optimal, exhibiting a variation of ballistic protection with impact location under 12%. Design guidelines for the fabrication of segmented protection systems are proposed in the light of these numerical results.
I. INTRODUCTION
Bioinspiration is a rapidly evolving field of scientific inquiry by which the lessons learned from nature are applied to synthetic materials and designs which have performance superior to that of conventional ones. There are amazing success stories, the burr-inspired reversible attachment device Velcro being the best known. Nature has developed, through billions of years of evolution, ingenious solutions which we are only now able to fully comprehend; their use in synthetic designs is an area of increasing research and great potential. Novel bioinspired designs such as the Gecomer, inspired on the gecko feet are being commercialized, and other concepts are constantly being implemented. In the area of protection, nature has used flexible dermal armour; this has occurred, through convergent evolution, in fish, reptiles, and mammals [1] . The study of biological materials, which was at its outset exploratory, is currently being systematized, and eight structural design elements were proposed as motifs that appear in different species but use the same principles. These are classified into fibrous, helical, gradient, layered, tubular, cellular, suture, and overlapping structural design elements [2, 3] .
In many cases protection from predators is ensured by overlapping structures; fish, reptile, and pangolin (a mammal) scales are a prime example [4] [5] [6] [7] [8] [9] . There are also cases where juxtaposed plates are used. The latter situation is observed in two different species: the armadillo [10] and the boxfish [11, 12] . Figure 1 shows the regular arrangement of hexagonal bony plates in the armadillo. They are connected by collagen fibres (Shapey's fibres) which provide a certain degree of flexibility. A similar concept is exhibited for protection of the boxfish ( Figure 2 ). It is interesting to observe that these two plate armours evolved independently in fish and mammals.
Emulating these natural dermal armours, humans have used segmented or scaled armours-also referred as mosaic, patterned or tiled armours-for the protection of soldiers and their mounts since antiquity. For example, the Roman lorica segmentata, consisting of metal strips fastened to internal leather straps, and lorica squamata, made of overlapping iron or bronze scales sewn to a fabric backing, were among the most effective armours used by Roman legionaries [13] , and similar protection systems are found, among others, in Chinese and Japanese warfare history. Scaled armours, like other metal-based armours, were eventually discarded after the widespread use of gunpowder, as they were ineffective against ballistic threats.
Metallic body armour was progressively substituted by textile fabrics made from strong fibres like silk (Japan, sXIX) and, eventually, modern organic synthetic fibres of aramid or polyethylene. These modern fabrics (Kevlar®, Nomex®, Twaron®, Dyneema®, Spectra®, Goldflex®, etc.) dominate the production of protective vests, thanks to their high specific strength. However, vests fabricated from ballistic fabrics present some disadvantages that limit their performance under certain conditions. On the one hand, they exhibit relatively limited protection against cutting or stabbing (i.e. impact by sharp objects) [14, 15] . And on the other, a substantial level of trauma by impact can still be produced in the wearer due to stress concentration in a very small area [16] . Indeed, NIJ Standard 0101.06 for 'Ballistic Resistance of Body Armor', allows a maximum backface signature -i.e. the deformation that a projectile creates behind the armour upon impact -of 44 mm in depth, which could even allow for an internal injury [16] . Even in vests fabricated according to the more stringent European standards, where maximum allowable signature is reduced to 20-25 mm, blunt force trauma injuries are still commonplace. Consequently, the need of providing "multi-threat" protection from cut, stab and ballistic hazards for military and law enforcement agents, and reducing the incidence of backface signature injuries, has resulted in the developments of composite vest and protections. This type of composite armour basically consists of the use of multiple protective layers with complementary functions.
One of the most common strategies to simultaneously improve the ballistic performance of the vests and reduce blunt trauma injuries is to incorporate ceramic elements, usually in the form of a monolithic pectoral plate [17] . Although the 6 incorporation of such plates indeed provides substantial improvements in ballistic protection, it comes at a penalty on vest flexibility, concealability and ergonomicsThus, the lorica squamata, a scaled armour, was preferred by many soldiers. Moreover, such monolithic ceramic plates do not provide a very effective protection against multiple impacts. Indeed, when a projectile impacts the ceramic plate, brittle failure leads to extensive fragmentation of the tile, with the damage spreading over most of or even the entire ceramic surface [18, 19] . Obviously, this severely reduces the multi-hit resistance of the armour, especially when no means for retention of the ceramic fragments is used [20] .
Since modern-day armours are regularly subjected to fire from automatic weapons, multi-hit protection has become essential. Protection against multiple impacts can be realized in composite (ceramic/textile) vests by keeping as much of the ceramic material as possible intact after each hit. This can be achieved by substituting the monolithic ceramic plates by a mosaic of smaller tiles/scales so that each impact damage affects only a single or, most commonly, a few adjacent tiles [21] . Thus, as a consequence of the limitations of current vest technology, the use of biologically inspired scale armours is being revisited [19, [22] [23] [24] [25] . However, and unlike most artificial scale armours currently used, natural scales-consisting of a thin mineral (ceramic) surface layer typically made of hydroxyapatite-are joined together by connective collagen-based tissue ( Figs. 1 and 2 ). These soft tissue joints allow the animals to maintain flexibility and motion in spite of the scales' individual rigidity.
Such a combination of organic (polymeric) and inorganic (ceramic) materials offers also interesting prospects for the fabrication of body armours with improved ballistic protection. Most existing bio-inspired scale armours consist of individual segments made of monolithic or composite material with predefined shape and size, held together by a flexible fabric or enveloped between two high tensile strength layers [22, 26] . However, laterally bonding the scales together by means of an adhesive might provide certain advantages. On the one hand, it could increase the strength of the plates by sealing existing defects in the surfaces of the ceramic plates [27, 28] , and preventing the generation of additional damage in service due to lateral contacts between the scales.
And on the other, it might help alleviate to some extent the problem of failure by scale tilting when hit close to the edge of a scale [22] . Flexibility of such an adhesively jointed scaled armour, will of course depend on the stiffness and thickness of the selected adhesive.
Despite the potential advantages of such bioinspired segmented armours, there is still very scarce literature on the effect of the different geometrical variables (tile size, shape, etc.) on the ballistic performance of such segmented structures. As already mentioned, in order to enhance multi-hit protection it is necessary to reduce the scale size, thus minimizing the unprotected area as tiles are destroyed by preceding impacts.
However, reducing the tile size leads to an increase in the interface areal density, which increases the probability of an interface hit. There are some statistical analyses of such probabilities and how they might affect the segmented armour multi-hit protection as a function of tile size [29, 30] . However, those analyses assumed an arbitrary deleterious effect of interfacial hits which has not been evaluated neither by experimental nor numerical means. A reliable evaluation of multi-hit performance of segmented tiles would require knowing how the ballistic protection is affected by the proximity of the impact to the scale edge. Without this knowledge, only crude assumptions can be made. Chintapalli However, to the best of our knowledge there is no systematic study on the effect of all these parameters (size, impact location, scale geometry, etc.) on the ballistic performance of scaled armours.
The present study seeks to redress this deficiency by systematically exploring all these critical design aspects with the aid of finite element simulations. As described in detail in the following section, an adhesively jointed alumina-based segmented plate without any underlying substrate, is used as a model system. Its ballistic performance against impact by a cylindrical fragment simulating projectile is evaluated under varying geometrical conditions including scale size and shape and impact location, among others.
II. COMPUTATIONAL MODEL / NUMERICAL SIMULATIONS

II.1 General model description
Finite element simulations were performed using the commercial software ABAQUS/Explicit ® , which is appropriate for finding numerical solutions to high speed, 
II.2 Mesh
An example of the finite element meshes used in this study is shown in Fig. 3 . Both linear and quadratic bulk viscosity were set to 0.05 to minimize artificial energies (kept well below 2% of the internal energy of the system in all cases).
II.3 Material constitutive models
The FSP is modelled as an elasto-viscoplastic material approximating the properties of hardened tool steel. The Johnson-Cook flow stress model was used simulate the FSP strain-rate dependent plastic behaviour [37] . The parameters used for this empirical model are given in Table 1 . The data was derived from existing literature on ballistic simulations involving steel [32, 33, 38] . A slightly modified value of density was used in order to obtain the desired FSP mass of 1.1 g required by STANAG standard [31] .
The ceramic armour is simulated using the Johnson-Holmquist damage model (JH-2) [39] , which is typically used for ballistic simulations of ceramics, glass, and other brittle materials [32] . The ABAQUS/Explicit built-in VUMAT user-subroutine for this model was used with parameter values for alumina obtained from literature [32, 33] , which are summarized in Table 2 .
Finally, as demonstrated by López-Puente et al. [34] , epoxy adhesive behaviour under ballistic impact conditions can be successfully simulated-given its much lower resistance and modulus-by considering it as a fluid and using Mie-Grüneisen equation of state. Both shear and tensile failure criteria were defined for this material. The parameters used for simulating the epoxy resin in ABAQUS are given in Table 3 , as extracted from existing literature [32] [33] [34] .
For all materials, element deletion was enabled to avoid computational problems associated with excessively distorted elements. Elements were deleted when all their integration points met the failure criteria defined in each of the materials models. In the Johnson-Cook model used for FSP, failure occurs when the damage parameter ω ≥ 1.
Similarly, the criterion for the Johnson-Holmquist model used for representing alumina, also considers that failure occurs when the equivalent plastic strain (PEEQ) reaches a critical value (See Table 2 ). Equivalent plastic strain and hydrostatic tensile stress limits are also the criteria for failure in the Mie-Grüneisen EOS-based model used for epoxy, the corresponding limit values are included in Table 3 .
II.4 Evaluated parameters and scope of the study
Two main parameters were evaluated in the simulations: the amount of damage produced in the ceramic tiles and the final residual velocity of the FSP after impact. The latter parameter was readily obtained as the equivalent rigid-body translational velocity (VCOM variable in ABAQUS) of the element set constituting the FSP. The amount of damage was evaluated from the corresponding damage contour plots (output variable SDV4 in JH-2 VUMAT subroutine). The size of the damaged zone was estimated as its largest linear dimension, disregarding any damage produced along the external edges of the simulated plate as a consequence of the restrictive boundary conditions imposed there.
At this point, it is worth noting/reminding that the present work is intended as a comparative study of the effect of segmentation in the ballistic performance of a ceramic plate. Therefore, the individual material properties selected, as described in the preceding subsection, and their potential accuracy at representing actual material performance, while already proven in the literature, are of secondary relevance. Indeed, while those material parameters can obviously affect the absolute values obtained for the evaluated ballistic performance parameters described above, they will not qualitatively affect the trends observed upon variation of the different geometrical/testing parameters and, thereby, do not jeopardize the validity of the subsequently derived conclusions. plate, as shown in Fig. 4a . In the segmented plates, damage is mostly confined to the individual tile hit by the FSP, for the bigger tile sizes (Fig. 4b ). This is in good agreement with experimental observations in this type of mosaic armour, at least when a suitable adhesive material is used to bond the plates together [40] . However, at lower sizes, a significant amount of damage is transmitted to adjacent tiles (Figs. 4c-d). 13 The reduction in the damaged area may come at the expense of a lowering of ballistic protection provided by the plate, as evidenced, for the smaller tiles, by the larger distance travelled (indicating higher exit velocity) by the projectile in the section view of Another geometrical factor that could be determining the value of this key design parameter in a bending-dominated problem, such as this one, is the thickness of the plate.
III. RESULTS AND DISCUSSION
However, while thickness is critical in determining the size of damage zone in static flexural problems [41] , this is not the case in dynamic problems, as illustrated by the results on Fig. 7 . The size of the damage zone and the relative ballistic performance (i.e.
velocity reduction relative to the unsegmented case) of scaled plates of 2 and 4 mm thickness are plotted as a function of the scale size. It is evident that both thickness values yield curves nearly undistinguishable for both plotted parameters, suggesting that thickness plays no significant role whatsoever in determining the critical tile size.
Projectile speed, on the other hand, does seem to play a significant role in determining how segmentation affects the ballistic performance. Figure 8 shows the velocity (and kinetic energy) reduction as a function of the FSP velocity for 4 different tile sizes, s. At the highest speed simulated, 1300 m/s, all segmented armours seem to basically yield the same level of ballistic protection (differences well below 10 %) as the monolithic plate. Chocron et al. similarly found that the effects of the impact position and the edge distance became lower when the impact velocity increased [42] . This is good news for the effectiveness of the segmentation strategy, since its main potential drawback (the reduction of ballistic protection) seems to be reduced against the most dangerous threats. As the projectile speed is reduced, however, the curve for each tile size progressively separates from that of the unsegmented plate. As tile size decreases, this (Fig. 8) , a lower speed implies a lower level of threat, and this can be regarded as a minor concern.
The results of Fig.8 , imply that the critical tile size below which ballistic protection starts to decline depends basically on whether the stress waves have enough time to bounce back on the tile sides and significantly contribute to further damaging the ceramic before the bullet perforates the plate on its own. Critical tile size-estimated here at s ~ 20 mm for alumina at typical ballistic speeds-will then depend both on the projectile speed and on material properties such as the speed of sound and intrinsic damage resistance: the greater the speed of sound (higher elastic modulus, lower density) and damage resistance of the ceramic, the larger the critical tile size. If this hypothesis is correct, which surely warrants further investigation, it would mean that ceramics with the best ballistic performance would be the most affected by segmentation.
Of course, all the above discussion has been made assuming that impacts occur at the tile centre, while it is highly probable that they occur at (or close to) the interface between plates [30] . It is a priori expected that ballistic protection will be significantly reduced when such interfacial impact occurs, but up to date there were no studies analysing how much the ballistic protection of the segmented plate is reduced when hit at inter-plate boundaries or other locations. Such a study has been performed in this work, not only for the segmented alumina plate with square scales, but also in plates with hexagonal, circular or rhombic prismatic tiles, in order to analyse the effect of scale geometry as well. Size for each type of scale was defined as the diameter of the inscribed circumference, s, and kept constant at the critical size estimated previously for square scales (i.e. s = 20 mm). Figure 9 shows the damage contours calculated by FEM 0.1 ms after the impact of the cylindrical FSP onto segmented alumina plates with square ( Fig. 9a) , hexagonal ( Fig. 9b) , rhombic ( Fig. 9c) and circular (Fig. 9d) scales. This figure evidences that damage produced by an impact right at the centre of a scale is still limited to the impacted scale independently of the scale shape. On the other hand, as expected, when the projectile hits at a corner or at the interface between scales, the damage extends to all tiles impacted.
Nonetheless, while the damaged zone seems to extend over most of the tile surfaces at the front, at the back it concentrates into well-defined cracks rather than the complete damage occurring in centred impacts. This is attributed to the alleviation of flexural stresses provided by the interfaces under the contact, which act as pre-existing cracks.
Anyhow, even in the most unfavourable case (rhomboidal tile, Fig.9c ) the damaged area is still smaller than in the monolithic plate (Fig. 4a) , which again evidences the aptness of segmentation strategy to reduce damage in armour.
The full dependence of the damage zone size on the location of impact for each type of scale is shown in Fig. 10 . Numerical data were obtained for simulated impacts segmented plates under localized quasi-static loading [22, 43] . Selection of an appropriate backplate or using tile overlapping [44] or topological interlocking [45, 46] might prove suitable strategies to minimize this problem. In any case, despite the lack of any such preventive measures, the ballistic performance of the segmented armour was not reduced by more than 19 % relative to an impact at the tile centre, for any impact location and tile geometry. Among the different geometries, from the results in Fig. 11 it is clear that square tiles and, especially, hexagonal scales provide the most uniform levels of protection: FSP speed reduction decreased by less than 9% and 7% (i.e. ballistic performance was reduced by 15% and 12%), respectively, relative to centred impacts.
The reduction of FSP velocity at the tile centre was, within errors, independent of scale geometry, with the sole exception of the disc-shaped tiles, which exhibited significantly (~ 6%) lower ballistic performance. The latter is attributed to the increased amount of adhesive in the segmented plate, especially at the triple points between the discs. All in all, the segmented armour based in hexagonal scales seems to offer the best overall ballistic performance independently of the impact location; at least against the type of ballistic threat analysed in this study: they exhibit optimal behaviour in terms of reduction of projectile speed (Fig. 11) ; and regarding the size of the damaged region they are only surpassed by the disc-tiled armour (Fig. 10) , which is the weakest configuration in terms of speed reduction (Fig. 11) . The unsuitability of disc shaped tiles for mosaic armours due to its lower ballistic protection, especially against non-centred impacts, has been recently demonstrated experimentally [47] . The regular hexagonal geometry is the closest alternative to a disc shape-which provides minimal damage area for a given tile size after impact-that is capable of fully tessellating the armour plate. This avoids the deleterious effect associated to the excess of weak adhesive in the disc-based alternative.
Subsequently, according to the results of this study and in good agreement with nature's preferred designs (Figs. 1-2 ), hexagonal scales are deemed an optimal choice for the fabrication of adhesively-bonded ceramic segmented armours for ballistic protection. Of course, disk scales might become appropriate under other configurations where overlapping is used to remove the armour gaps at the triple points. Overlapping or topologically interlocking the scales, and the use of an appropriate backplate, appear also as promising strategies to minimize the effect of impact location on the ballistic performance of segmented armour. Nature provides examples of successful overlapping scaled armours [5, 9, 48] , using most of the analysed scale shapes, including the weakest one in this study, the rhomboid. Figure 12a shows the alligator gar (Atractosteus spatula), a large Mississippi basin fish. Its ganoid scales have this rhombic shape (Fig. 12b) . There is very little overlap between these rigid bony scales; their sides are inclined to the surface plane and fit snugly into the neighbouring scale to eliminate any gap, thereby offering improved protection. These scales form arrays that are at a specific angle with the longitudinal fish axis (~55° [5] ) in order to accommodate optimally the flexural movement of the fish. Bioinspired rhombic overlapping scales fabricated with zirconia have the potential of being used as body armour (Fig. 12c , adapted from [9] , Fig. 19 ). Although its performance is not equivalent to the hexagonal scales, this rhombic structure presents advantages regarding flexibility: sliding between the rows of rhombuses can easily satisfy the geometric requirement that one side is shortened while the other becomes longer during bending caused by movement, as occurs in the alligator gar.
The present study provides useful design guidelines for the development of bioinspired ceramic-based scaled armours for the protection of individuals, vehicles or any other structures and devices against ballistic threats. Such segmented armours will provide enhanced performance in terms of compliance and, especially, of resistance against multiple impacts, compared to monolithic ceramic plates.
CONCLUSIONS
The results of this study demonstrate that segmentation drastically reduces the size of the damaged area after the impact without significantly reducing the ballistic protection in centred impacts. This is true provided the in-plane tile size is greater than a critical value-under the impact conditions analysed here this critical size was found to be around 20 mm. The critical tile size is found to be independent of the scale thickness, but decreases with projectile speed, meaning that segmentation is a most effective strategy against the most dangerous, high-speed threats. In any case, tiles size should always be kept larger than the projectile size in order to maximize the ballistic protection.
Off-centred impacts in segmented armours involve, as expected, a certain reduction in the ballistic protection and an increase in the damaged area. However, the results from this study suggest that such reduction is not a major one (well under 20% for all the conditions evaluated in this work). Moreover, an appropriate selection of the tiles shape can significantly reduce this problem and, in this sense, among the shapes analysed, hexagonal scales provide the best performance with a ballistic protection that decreased by less than 12% at the worst impact location. This corroborates the geometry of natural tiles present in the carapace of armadillo [4] and boxfish [5, 6] (Figs. 1-2 ), which has been selected by nature through a convergent evolution process, is also the one offering best ballistic protection. ganoid scales having a rhombic shape. These is very little overlap between these rigid bony scales; their sides are inclined to surface plane to provide improved protection; they form arrays that are at specific angle with the longitudinal fish axis (~55 0 ); (c) bioinspired scales fabricated with zirconia with potential application as body armour (adapted from [9] , Fig. 19 ). (b) ganoid scales having a rhombic shape. These is very little overlap between these rigid bony scales; their sides are inclined to surface plane to provide improved protection; they form arrays that are at specific angle with the longitudinal fish axis (~55 0 ); (c) bioinspired scales fabricated with zirconia with potential application as body armour (adapted from [9] , Fig. 19 ).
